ABSTRACT A chemical, electrophysiological and behavioral study was carried out to analyze the volatile compounds of the BrindleyÕs gland of Rhodnius prolixus Stål. Six compounds were found in the BrindleyÕs gland of males and females: acetic, isobutyric, caproic acids and three compounds not identiÞed. The mass spectra of the unidentiÞed compounds have the appearance of a propionate ester, a butyrate ester and a valerate ester. There was no difference in the concentration of these compounds in the glands of males and females. The major component was isobutyric acid. The electroantennographic (EAG) evaluation of isobutyric, acetic, and caproic acids elicited weak responses. With both sexes, the EAG responses for the acids were no different from the control response at any of the doses evaluated (1, 10, 100, and 500 g). The behavioral response of males and females to acetic, isobutyric, and caproic acids at 1, 5, and 10 g and binary and tertiary mixtures of the three compounds was evaluated in a Y-olfactometer. Males showed preference for acetic acid at a dose of 1 g, but not at 5 or 10 g. Females showed preference for this compound at the dose of 5 g. Males showed preference for isobutyric acid at 1 and 5 g, but not at 10 g. Females did not show any preference for isobutyric acid. Males were attracted to caproic acid at the dose of 1 and 10 g. Females were attracted to the caproic acid. Males, but not females, preferred the mixture of acetic and isobutyric acids over control. Neither males nor females showed preference for the mixture of acetic and caproic acids or hexane control. Females, but not males, were attracted to the mixture of the isobutyric and caproic acids. Only males showed a positive response for the tertiary mixture of the acids.
CHAGASÕ DISEASE ALSO known as American Trypanosomiasis is widely distributed from Mexico to South America. The vectors of ChagasÕ disease are bloodsucking bugs of the subfamily Triatominae (Reduviidae). Currently, 128 species are formally recognized and grouped into 17 genera in Þve tribes (SchoÞeld et al. 1999) . The main source of volatile compounds in adult of Triatominae are the BrindleyÕs glands . The other exocrine glands in this group of insects, the metasternal glands, have been found to produce volatile compounds only in one species (Rossiter and Staddon 1983) . Initially, isobutyric acid was the only substance found in the BrindleyÕs gland of Triatoma infestans (Klug), Triatoma phyllosoma (Burmeister), Triatoma maculata (Erichson), Triatoma brasiliensis (Neiva), Triatoma vitticeps (Stål), Rhodnius prolixus (Stål), and Panstrongylus megistus (Burmeister) (Pattenden and Staddon 1972 , Games et al. 1974 , Kalin and Barret 1975 , SchoÞeld 1979a . However, subsequent studies have identiÞed additional compounds in T. infestans. Hack et al. (1980) found acetic, propionic, butyric, isobutyric (the major component), isovaleric, and valeric acids in T. infestans, and Triatoma rubrovaria. Juarez and Brenner (1981) also reported the same carboxylic acids, plus traces of isohexanoic and octanoic acids in T. infestans, but, in contrast, they reported acetic acid as the major component. More recently, Cruz-Ló pez et al. (1995) found that isobutyric acid was the main component in the glands of T. infestans, together with isobutyl, isoamyl and amyl alcohols, 2-phenylethanol, and other carboxylic acids and esters. In other triatomine species, no additional analyses of the exocrine products of BrindleyÕs gland have been performed.
Despite our knowledge of identity of triatomine volatiles, the function of these compounds in the chemical ecology of these bloodsucking bugs remains unknown in the majority of the cases. A defensive function has been suggested for the isobutyric acid, isobutyl, isoamyl and amyl alcohols and esters (Kalin and Barret 1975, Ward 1981 whereas volatile substances in R. prolixus (Baldwin et al. 1971, SchoÞeld and Moreman 1976) and T. infestans , de Brito Sanchez et al. 1995 , but see SchoÞeld and Moreman 1976 have been suggested to have a sex pheromone function. In these two species, the pheromone is released during copulation and promotes the assembling of males around the mating pairs. The chemical identity of the volatiles that cause this male response remains unknown.
In this study we Þrst reanalyzed the BrindleyÕs gland components of both sexes of R. prolixus; and second we carried out a behavioral and electrophysiological evaluation of three of the identiÞed compounds. The insect species studied is one of the main vectors of ChagasÕs disease in southern Mexico and Central America (Zarate and Zarate 1985) .
Materials and Methods
Insects. Adults of R. prolixus were reared at 27 Ϯ 1ЊC, 70 Ϯ 5% RH, and a photoperiod of 12:12 (L:D) h as reported previously and fed periodically with rabbit blood (Rojas and Cruz-Ló pez 1992) . The observations were conducted with male and female adults between 20 and 30 d old.
Brindley's Gland Dissection. The glands of males and females were dissected separately under water using a binocular microscope. For gas chromatography-mass spectrometry (GC-MS) analysis, each gland was placed in a glass capillary tube as described by Morgan (1990) , and subsequently analyzed employing a solid-sampling technique (Morgan and Wadhams 1972) . The use of solvents was avoided so as not to mask any components of high volatility. At least Þve glands of each sex were prepared for chemical analysis.
Chemicals. Isobutyric acid, acetic acid, caproic acid, butyl propionate, propyl butyrate, and isopropyl butyrate were obtained from commercial sources (Sigma/Aldrich, St. Louis, MO). The purity of the compounds was 95%. Standard solutions of 1, 5, and 10 g/l and both compounds were prepared in hexane for olfactometer studies. Binary and tertiary mixtures of the three acids at 5 g/ul were also evaluated in the olfactometer. For the electrophysiological study, concentrations of 1, 10, 100, and 500 g/l were used.
Chemical Analysis. Gas chromatography (GC) was performed on a Varian model 3600 gas chromatograph (Varian, Palo alto, CA) Þtted with a 60 m by 0.32-mm i.d. carbowax 20 M capillary column (DB-WAX), a split/splitless injector, and a ßame ionization detector. The carrier gas was helium and the oven temperature was maintained at 50ЊC for 2 min and then increased at 15ЊC/min to 250ЊC.
Coupled gas chromatography-mass spectrometry (GC-MS) was performed on a Varian model Star 3400 CX GC coupled to the MS and integrated data system to 250ЊC at 15ЊC/min. IdentiÞcations of acetic acid, isobutyric acid, and caproic acid were conÞrmed by comparison of the mass spectral data with those of authentic samples. Other compounds were identiÞed by comparing their mass spectra with those from the NIST library.
Electroantennography (EAG). Antennal receptivity of male and female R. prolixus to the acetic acid, isobutiric acid, and caproic acid was determined by EAG. An antenna was excised at its base and the distal part of the terminal segment was cut off. The antenna was mounted between two glass capillary electrodes. The capillaries were Þlled with saline solution (Malo et al. 2000) into which Ag-AgCl wires were inserted. The signals generated by the antenna were passed through a high-impedance ampliÞer Syntech UN-06 (Syntech NL 1200, Hilversum, NL) and displayed on a monitor using Syntech software for processing EAG. The stimulus (1 s duration) was delivered into a puriÞed airstream (1 liter/min) ßowing continuously over the preparation. Samples of the standard solutions test compounds were applied to Þlter paper strips, and the solvent was allowed to evaporate (20 s). The paper strip was placed in the cartridge or clean pipette and left for 40 s before applying. The vapor from the cartridge was injected into the airstream passing over the antennal preparation by means of a second airstream. A cartridge with a clean Þlter paper ϩ hexane was used as a control. Stimulation with the control preceded and followed every two test stimulations.
Bioassays. The bioassays were carried out in a Ytube olfactometer previously described by Cruz-Ló pez and . The olfactometer consisted of a Y-shaped glass tube 2.5 cm in diameter. The base and the two arms of the olfactometer were each 12 cm long. Each arm was attached to a ßowmeter and an odor source container, which consisted of a glass container (4.5 cm diameter and 15 cm high). The tips of the branches were dipped into the odor source container, one of which contained pieces of Þlter paper with synthetic compounds identiÞed from the BrindleyÕs gland, the other branch was similarly arranged with control paper that had previously been treated with hexane. Air was pushed (3.3 ml/s) into the system through charcoal Þlters, passed over the odor source container, into the Y tube. The insects were able to walk upwind toward the arms of the tube. One male or female R. prolixus was introduced into the base tube of the Y-olfactometer and given 5 min to walk toward the end of one of the arms of the olfactometer. When insects crossed the choice line 4 cm after the division of the base tube and remained there for at least 20 s, it was recorded as a choice for the odor source in that arm. The connections of the odor source container to the olfactometer arms were cleaned and exchanged after each replication to avoid any positional bias. All treatments were replicated 30 times for each sex.
Statistical Analysis. The EAG data were analyzed by one-way analysis of variance (ANOVA). Behavioral data were subjected to chi-square test. The level of probability considered signiÞcant was P Ͻ 0.05.
Results
Chemical Identification of Brindley's Gland Components. The BrindleyÕs gland of male and female R. prolixus contained a mixture of six compounds. Three of these compounds have been identiÞed as acetic acid (peak 1), isobutyric acid (peak 3), and caproic acid (peak 6) ( Fig. 1) . Three compounds were not identiÞed (peaks 2, 4, and 5). The mass spectrum of the unidentiÞed compound 2 has the appearance of a propionate ester. The mass spectrum shows the fragment ions m/z 57, which is the base peak produced by the loss of the alcohol part of the ester and m/z 75 arises from a rearrangement of the hydrogen atoms. The retention time of the synthetic butyl propionate (6.24 min) indicated that compound 2 (retention time: 10.23 min) may be a higher molecular weight propionate ester. The unidentiÞed compound 4 gave a mass spectrum (ion m/z 71, loss of the alcohol part of the ester, and ion m/z 89 from rearrangement of hydrogen atoms) that resembles the mass spectrum of a butyrate ester. Propyl butyrate (retention time: 4.24 min) and isopropyl butyrate (retention time: 5.08 min) were injected but the gland compound showed a higher retention time (12.15 min). The mass spectrum of the unidentiÞed compound 5 showed fragment ions at m/z 85 as the base peak, which arise from the loss of the alcohol part of the ester and m/z 103 indicate hydrogen atoms rearrangement. This mass spectrum fragmentation suggested clearly a valerate ester.
There was no difference in concentration of these compounds in the glands of males and females, except for peaks 2 and 5. Female glands tended to contain higher concentrations of peak 2, whereas male glands tended to have higher concentrations of the peak 5 (Table 1) . However, these differences were not statistically signiÞcant (t-test, P Ͼ 0.05). One possible reason for this may be the relatively small sample set.
Electrophysiological Evaluation. EAG results of the males and females of R. prolixus elicited to acetic, isobutyric, and caproic acids at different dose and air as control are shown in the Fig. 2 . EAG responses to either compounds were not signiÞcantly different from the control responses at any of the doses evaluated for either sex (one-way ANOVA, P Ͼ 0.05).
Behavioral Evaluation. Females and males did not show preference for any of the olfactometer arms when only air or hexane was passed throughout them. The response of the males and females to acetic acid is shown in Fig. 3 . Males showed preference for acetic acid at the dose of 1 g ( 2 ϭ 6.99, d.f ϭ 1, P ϭ 0.008), but not at the dose of 5 g ( 2 ϭ 2.79, df ϭ 1, P ϭ 0.094) or 10 g ( 2 ϭ 0.037, df ϭ 1, P ϭ 0.847). Females show preference for this compound at the dose of 5 g ( 2 ϭ 2.88, df ϭ 1, P ϭ 0.08). Females did not show any preference for acetic acid or the control at the dose of 1 g ( 2 ϭ 0.058, df ϭ 1, P ϭ 0.808) and 10 g ( 2 ϭ 0.039, df ϭ 1, P ϭ 0.841).
The response of males and females to isobutyric acid is shown in Fig. 4 . Males showed preference for isobutyric acid at doses of 1 g ( 2 ϭ 8.99, df ϭ 1, P ϭ 0.002) and 5 g ( 2 ϭ 9.99, df ϭ 1, P ϭ 0.001), but not at 10 g ( 2 ϭ 0.037, df ϭ 1, P ϭ 0.847). Females did not show any preference for isobutyric acid or the control at any of the doses evaluated (1 g: 2 ϭ 0.04, df ϭ 1, P ϭ 0.847; 5 g: 2 ϭ 2.13, df ϭ 1, P ϭ 0.14; 10 g: 2 ϭ 0.04, df ϭ 1, P ϭ 0.847).
The response of the males and females to caproic acid is shown in Fig. 5 . Compared with the control, more males were attracted to caproic acid at the dose of 1 g ( 2 ϭ 4.84, df ϭ 1, P ϭ 0.02) and 10 g ( 2 ϭ
4.48, df ϭ 1, P ϭ 0.03). Females were not signiÞcantly attracted to the caproic acid at any of the doses evaluated (1 g: 2 ϭ 0.61, df ϭ 1, P ϭ 0.615; 5 g: 2 ϭ 0.15, df ϭ 1, P ϭ 0.694; 10 g: 2 ϭ 0.92, df ϭ 1, P ϭ 0.335).
Males preferred the mixture of acetic acid and isobutyric acid over the control ( 2 ϭ 4.16, df ϭ 1, P ϭ 0.04), whereas females did not show any preference for the mixture or the control ( 2 ϭ 0.66, df ϭ 1, P ϭ 0.414) (Fig. 6A) . Neither males ( 2 ϭ 1.81, df ϭ 1, P ϭ 0.177) nor females ( 2 ϭ 0.61, df ϭ 1, P ϭ 0.432) showed any preference for the mixture of acetic acid and caproic acid or the hexane control (Fig. 6B) . Females ( 2 ϭ 4.84, df ϭ 1, P ϭ 0.02), but not males ( 2 ϭ 0.15, df ϭ 1, P ϭ 0.694), were signiÞcantly attracted to the mixture of the isobutyric acid and caproic acid, compared with control (Fig. 6C) .
Males showed a signiÞcant preference for the tertiary mixture over the hexane control ( 2 ϭ 7.4, df ϭ 1, P ϭ 0.006), while females did not show any preference for the mixture of acetic, isobutyric and caproic acid or the control ( 2 ϭ 1.81, df ϭ 1, P ϭ 0.177) (Fig. 7) .
Discussion
Apart from isobutyric acid in the current study, we detected four additional compounds not reported previously in the BrindleyÕs gland of R. prolixus (Pattenden and Staddon, 1972, Games et al. 1974; Kalin and Barret 1975, SchoÞeld 1979a) . Acetic and caproic acids have been found in the BrindleyÕs gland of T. infestans and T. rubrovaria (Hack et al. 1980, Juarez and Brenner 1981) . No propionate, butyrate, or valerate esters have been reported to be present in Triatominae (Aldrich 1988, Cruz-Ló pez et al. 1995). However, these types of compounds have been found in another species of Hemiptera (Aldrich 1988, MacBrien and Millar 1999) . Males of the coreid bug, Leptoglosus australis F., produce 2-octenyl propionate (Aldrich 1988) . Butyrate esters have been reported in several species of Miridae, Alydidae, and Coreidae (Aldrich 1988, MacBrien and Millar 1999) . Some of these compounds function as sex pheromones. For example, the pheromone blend of the mullein bug, Camphylomma verbasci (Meyer), consist of butyl butyrate and E2-butenyl butyrate in a 16:1 ratio (Smith et al. 1991) . Isovalerate esters have been identiÞed from secretions of male predaceous pentatomids (Asopinae) (Aldrich 1988) .
Despite several studies that have reported the exocrine products of BrindleyÕs gland in Triatominae, only a few have examined whether there is any sexual difference in the composition of these products. In the current study, we found that males and females produce the same compounds, and there were no quantitative sex-related differences. Similar results were reported for T. infestans, wherein no difference in the concentration of acetic, propionic, isobutyric, butyric, isovaleric, and valeric acids between males and females was found (Juarez and Brenner 1981) . It is important to note that a large variability in the concentration of the compounds between individuals was observed (see standard errors in Table 1 ). This variability may be related to some characteristics of the individuals, but this may also be due to experimental errors during the dissection of glands. The fact that both carboxylic acids evaluated elicited a low EAG response does not necessarily indicate a complete lack of olfactory cells, but rather may indicate the presence of a relatively small number of specialized olfactory cells sensitive to these compounds. A similar situation has been reported in other insect species (Blight et al. 1995 , Rojas 1999 ). For C. assimilis, it was found that 3-butenyl, 4-pentenyl isothiocyanates, 1Ð 8-cineole, and (Z)-3-hexenyl acetate did not evoke signiÞcant EAG responses with respect to the control, but speciÞc olfactory cells were discovered for these compounds using single-cell recording techniques (Blight et al. 1995) . Taneja and Guerin (1997) reported that in T. infestans nymphs, EAG values of 4 mV were recorded with solutions of ammonia , wetted faecal-papers, and rabbit urine, which indicates the presence of populations of depolarisable receptors. Gracco and Catalá (2000) reported that R. prolixus has considerably fewer receptors compared with T. infestans.
Using live insects as lures, Velasquez-Antich (1968) found that females are more attracted to the odor of males than viceversa. However, Baldwin et al. (1971) reported that this species releases a sex pheromone during the copulation that attracts and aggregates males around mating pairs. Other authors (SchoÞeld and Moreman 1976, Rṍos-Candelaria 1999) have conÞrmed the observations of Baldwin et al. (1971) . We do not know whether the carboxylic acids found in the BrindleyÕs glands of R. prolixus are part of the pheromonal components, but undoubtedly, males were attracted to acetic, isobutyric and caproic acids when evaluated individually and in blends. Females only were attracted to acetic acid and the blend of isobutyric and caproic acids. Thus, the carboxylic acids evaluated in the current study could have dual roles in sexual attraction, depending of the quantity, blend released, and physiological state of insects. First, they could attract males to mating pairs as described by Baldwin et al. (1971) . Second, they could attract females to males as found by Velasquez-Antich (1968) . Pairs of R. prolixus released acetic and isobutyric acid during mating (Rṍos-Candelaria 1999; unpublished data). It is still unknown which of the sexes release the compounds during mating, although both compounds are present in the BrindleyÕs glands of males and females.
On the other hand, the carboxylic acids found in this study have been reported to be present in odors of vertebrate host of triatomine bugs. For example, acetic and caproic acids have been identiÞed in human skin emanations (Bernier et al. 2000) . Thus, these compounds may be involved during the host-Þnding behavior of R. prolixus. Recently, Guerenstein and Guerin (2001) have found that Þfth-instar T. infestans nymphs were attracted to isobutyric acid, which is present in rabbit odor.
Our results indicate that isobutyric acid was attractive to males at doses of 1 and 5 g. However, when isobutyric acid was blended with acetic acid or caproic acid, it did not show any additive, synergic, or negative effects on male responses. Conßicting results have been reported in previous evaluations of this compound. Introduction of pure isobutyric acid vapor into an olfactometer containing R. prolixus adults caused rapid arousal and disruption of an equilibrium aggregation (Kalin and Barret 1975) . However, SchoÞeld (1979b) reported experiments that showed that low concentrations of this substance attracted R. prolixus adults, whereas higher concentrations were repellent. Ward (1981) found that T. infestans adults avoided this chemical but this response was markedly reduced at high concentrations. The difference between these results may be due to the different methodology used (e.g., olfactometer, doses), or the physiological state of the insects tested. The dose used may be funda- Fig. 6 . Response of female and male R. prolixus to binary mixtures of acetic and isobutyric acids (A), acetic and caproic acids (B), and isobutyric and caproic acids (C). ns ϭ no signiÞcant difference, * ϭ signiÞcant difference, NR ϭ no response ( 2 test, P Ͻ 0.05).
mental in the insect response. It is well documented in other insect species that a given compound can be repellent at high doses, whereas at low doses the same compound can function as an attractant (Leahy and Booth 1983, Longhurst 1977) . The African ant Myrmicaria eumenoides (Gerstaecker) Mayr provides another example in which behavioral thresholds are related to the quantity of pheromone released (Longhurst 1977) . When disturbed, this species produces a droplet at the tip of its sting, which alerts nest mates and attracts them toward the source. However, under high provocation, it sprays the gland contents (the equivalent of Ϸ5 droplets), and such a quantity repels sister workers.
In conclusion, this study extends our understanding of the chemical compounds of the BrindleyÕs gland of Triatominae. It would be necessary to conÞrm the attractiveness of the acids by using additional olfactometers and Þeld studies. The exact identiÞcation of the unidentiÞed esters present in the BrindleyÕs gland of R. prolixus will be carried out as well as the role of these compounds in the insect behavior should be evaluated in the future. Undoubtedly, the attractants identiÞed could be used in baited traps for providing rapid, sensitive, and selective methods for monitoring adult bug populations.
